Actin-myosin interactions provide the driving force underlying each heartbeat. The current view is that actin-bound regulatory proteins play a dominant role in the activation of calciumdependent cardiac muscle contraction. In contrast, the relevance and nature of regulation by myosin regulatory proteins (for example, myosin light chain-2 [MLC2]) in cardiac muscle remain poorly understood. By integrating gene-targeted mouse and computational models, we have identified an indispensable role for ventricular Mlc2 (Mlc2v) phosphorylation in regulating cardiac muscle contraction. Cardiac myosin cycling kinetics, which directly control actin-myosin interactions, were directly affected, but surprisingly, Mlc2v phosphorylation also fed back to cooperatively influence calcium-dependent activation of the thin filament. Loss of these mechanisms produced early defects in the rate of cardiac muscle twitch relaxation and ventricular torsion. Strikingly, these defects preceded the left ventricular dysfunction of heart disease and failure in a mouse model with nonphosphorylatable Mlc2v. Thus, there is a direct and early role for Mlc2 phosphorylation in regulating actin-myosin interactions in striated muscle contraction, and dephosphorylation of Mlc2 or loss of these mechanisms can play a critical role in heart failure.
Introduction
Interactions between the contractile proteins myosin and actin provide the driving force for muscle contraction (1) . However, the molecular mechanisms underlying the regulation of these interactions in striated muscle, such as cardiac muscle, which are fundamental to heart function and are of central importance in heart disease and failure in humans, are still not well understood (2) . For the last 5 decades, the simplistic obligatory step of Ca 2+ binding to actin-bound regulatory proteins (e.g., troponin-tropomyosin complex) has contributed to the prevailing view that the control of calcium cycling and actin-bound regulatory proteins (thin filament proteins) dominates regulation of muscle contraction (3, 4) as well as underlies the dysregulation of contractile dynamics in heart failure. In contrast, myosin regulatory proteins (thick filament proteins), such as the ventricular form of myosin light chain-2 (MLC2v), are viewed to play lesser roles (5) , and thus, their regulation and function remain poorly understood in this context and especially in vivo.
Growing evidence suggests that this simple model cannot explain all aspects of striated muscle regulation and that myosin regulatory proteins, such as MLC2v, may have an influential role in regulating activation of cardiac muscle contraction via posttranslational modifications such as phosphorylation (6) (7) (8) (9) (10) (11) (12) (13) (14) . In the 1980s, in vitro studies performed by Stull and colleagues noted a temporal association between the extent of Mlc phosphorylation and potentiation of isometric twitch force in skeletal muscle (5) , suggesting that Ca 2+ binding to actin-bound regulatory proteins (troponin C) may not be the only process regulating striated muscle contraction. Although the precise role and nature of this regulation still remains unknown in striated muscle, information gained from in vitro and structural studies led to the hypothesis that the negative charge from phosphorylation may act to structurally repel the myosin heads away from the thick filament backbone and toward actin (15) (16) (17) . However, recent studies in isolated skeletal muscle myosins suggest that this mechanism does not explain the observed changes in myosin mechanics and provide some evidence to support a hypothesis that Mlc2 phosphorylation may act to regulate stiffness of the myosin lever arm, which thereby prolongs myosin (crossbridge) duty cycle (18) . Previous studies suggest that the myosin neck domain contains an elastic region, which generates strain-dependent forces to generate motion (19) . There is also some in vitro evidence suggesting that MLC2 phosphorylation may affect stiffness of the myosin lever arm and/or hinge region in smooth muscle (20) .
Ca 2+ regulation of contraction in striated muscle appears to be a highly cooperative process, as is clearly evident in the steepness of force-pCa relationships when describing Ca 2+ sensitivity of force, with the greatest cooperativity observed when myosin binds strongly to actin in an intact thin filament (9) . We and others have previously reported that positive cooperative mechanisms contribute to several properties of activation of cardiac muscle contraction primarily involving Ca 2+ -mediated activation via actin-bound regulatory proteins involving the cardiac thin filament (9, (21) (22) (23) . The question of whether and how myosin regulatory proteins, such as MLC2, influence these cooperative mechanisms and effects in contracting living cardiac muscles remains to be directly addressed. Understanding the molecular actions of MLC2v phosphorylation in the regulation of actin-myosin interaction kinetics in cardiac muscle is of key importance, since emerging evidence in humans suggests a critical role for MLC2v in human health. Several studies have shown that dysregulation of MLC2v via dephosphorylation is associated with human cardiomyopathies and heart failure (6, 8, (10) (11) (12) (13) (14) ; however, mechanistic insights into its underlying role in heart disease still remain elusive.
In the present study, we reveal a direct role for Mlc2v phosphorylation in actin-myosin regulation and cardiac disease in vivo by using an integrative combination of gene-targeted animal and multiscale computational models. We show in living contracting cardiac muscles that Mlc2v phosphorylation dynamically controls myosin cycling kinetics and activation of cardiac muscle contraction via 2 molecular mechanisms, which cooperatively control the overall number of crossbridge attachments (increased myosin head repulsion from thick filament toward actin) and the transition of crossbridge attachments to the strongly bound, forcegenerating state (increased myosin neck domain stiffness). Loss of these mechanisms uncovers previously unrecognized defects in the rates of twitch relaxation and spatial mechanics involving ventricular torsion, which strikingly precede the functional deficits of heart disease and failure in a nonphosphorylatable Mlc2v mouse model. We propose a new model of actin-myosin regulation, which includes myosin-driven mechanisms whereby Mlc2v Ser14/Ser15 phosphorylation (a) directly influences actin-myosin interactions independently of actin-bound regulatory proteins, which in turn have the ability to (b) cooperatively feedback to influence calcium activation of thin filaments. These mechanisms regulate function of cardiac muscle at multiple levels, including crossbridge cycling kinetics at the level of myosin heavy chain, cardiac muscle Ca 2+ sensitivity of force at the level of the myofilament, and twitch dynamics in intact cardiac muscle as well as ventricular torsion, pump function, and adverse structural remodeling in disease, leading to heart failure at the organ level.
Results

Loss of Mlc2v Ser14/Ser15 is necessary and sufficient to reduce endogenous Mlc2v phosphorylation in vivo.
To determine the functional importance of the regulatory protein Mlc2v via its phosphorylation, we generated 2 Mlc2v phosphorylation mutant mouse lines (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI61134DS1). Although the regulation of MLC2v phosphorylation in vivo remains unclear, it is thought that Ser15 on Mlc2v is the major phosphorylation site regulating muscle function in rodents and humans (6, 10, 13, 14, (24) (25) (26) , while Ser14 is also thought to be important for stretchactivation responses in muscle (24) . To determine the role or roles of Mlc2v Ser15 and Ser14 phosphorylation sites in vivo, we generated knockin mutant mice changing Ser15 to Ala15 (S15A) as well as Ser14 and Ser15 to Ala14 and Ala15 (S14A/S15A), respectively (Supplemental Figure 1) . Incorporation of the mutations in both S15A (single mutant [SM] ) and S14A/S15A (double mutant [DM]) mice was confirmed using DNA analyses (Supplemental Figure  1) . The endogenous regulation of Mlc2v phosphorylation in our knockin mice was analyzed using 2D gel analysis and mass spectrometry of myofilament proteins ( Figure 1, A and B) . WT hearts showed approximately 31% Mlc2v phosphorylation ( Figure 1A ), corresponding to phosphorylation at sites Ser15 and Ser19 (Figure 1B) . Surprisingly, SM mutant hearts displayed a compensatory increase in Mlc2v phosphorylation ( Figure 1A ), which was due to an endogenous switch to Ser14 phosphorylation ( Figure 1B) . Loss of Mlc2v phosphorylation was seen only in DM mutant myocardium, where there was loss of Ser14 and Ser15 phosphorylation ( Figure 1, A and B) . These results suggest that the contribution of Ser19, important for smooth muscle Mlc2 phosphorylation (27) , is likely negligible in regulating endogenous Mlc2v phosphorylation in DM cardiac muscle. MLC kinase (Mlck) phosphorylation assays ( Figure 1 , C and D) also revealed a significant decrease in Mlc2v phosphorylation in DM mutant mice. An alignment of mouse striated versus smooth muscle/nonmuscle MLC highlights differences surrounding Ser14/Ser15 and Ser19 phosphorylation sites (Supplemental Figure 2) .
Loss of Mlc2v Ser14/Ser15 phosphorylation in vivo predisposes mice to dilated cardiomyopathy, heart failure, and premature death. DM mutant mice are viable at birth; however, they display a striking susceptibility to premature death ( Figure 2A , DM vs. WT and SM, P < 0.01) as a consequence of dilated cardiomyopathy (DCM), leading to heart failure ( Figure 2 , B-E). Features of DM mutant hearts included significant increases in (a) ventricular weight to body weight ratios ( Figure 2B ); (b) age-dependent cardiac chamber enlargement and wall thinning, which was accompanied by a significant decrease in cardiac function (Figure 2 , C and D) that is classically associated with DCM leading to heart failure; (c) early changes in cardiomyocyte length ( Figure 2E) ; and (d) classical ultrastructural sarcomeric defects, including significant Z-line thickening at 6 months of age ( Figure 2F ). The chamber dilation, depressed cardiac function, and premature death observed in DM mutant mice were not evident in SM mice ( Most remarkably, the heart muscle defects observed in a majority of DM mutant mice were not associated with significant changes in the cardiac expression of fetal genes, which is classically associated with early signs of cardiac stress (Supplemental Figure 4A ). In addition, the majority of DM mutant mice did not exhibit signs of heart muscle damage or fibrosis when compared with WT and SM (Supplemental Figure 4B) mice. However, in sporadic cases, a subset (10%) of DM mutant mice displayed heterogeneous calcification and fibrosis most prominently in the ventricular endocardium associated with low-level expression of a single fetal gene, β-myosin heavy chain (β-MHC) (Supplemental Figure 5) , highlighting a more severe consequence of the loss of the Mlc2v phosphorylation gradient upon the subendocardial layer of the heart.
Mlc2v phosphorylation directly controls early cardiac muscle relaxation twitch kinetics. To determine the primary functional defect in cardiac muscle associated with end-stage heart disease and failure in DM mutant mice, we simultaneously measured twitch tension and Ca 2+ transients in intact papillary muscles isolated from young WT and DM mutant mice at 6 weeks of age. Although DM mutant mice showed no defects in myocardial ultrastructure, dimensions, and global cardiac function at this age when compared with WT mice ( Figure 2G and Supplemental Figure 6 ), measurements in intact muscle did reveal differences in the magnitude and timing of twitch tension ( Figure 2H ). The most notable change was a significant acceleration of twitch relaxation in DM mutant versus WT muscles ( Figure 2H ). These specific twitch contraction defects were observed both at room temperature and 37°C ( Figure 2H and Supplemental Figure 7) , indicating a robust response that would be present in DM mutant mice under physiological conditions. Moreover, altered twitch dynamics in DM mutant muscles were not the result of altered calcium cycling, since the amplitude and time course of intracellular Ca 2+ transients were not significantly different between DM mutant and WT muscles ( Figure 2H ), further suggesting a nonstatic relationship between Ca 2+ transients and muscle twitch tension. These results suggest what we believe to be a novel role for Mlc2v phosphorylation as a determinant of the kinetics of cardiac muscle relaxation.
A computational model uncovers dual molecular actions of Mlc2v phosphorylation in regulating Ca 2+ sensitivity and twitch kinetics of cardiac muscle in vitro. To define the precise molecular mechanisms underlying the effects of Mlc2v phosphorylation on muscle contraction, we created a multiscale computational model based on our recent computational model of cooperative myofilament activation (21) . This approach allows testing of 2 hypothesized molecular mechanisms for a direct effect of Mlc2v phosphorylation on the kinetics of actin-myosin regulation of striated muscle (Figure 3 , A-C). The first postulated mechanism is that the addition of a negatively charged phosphate group on Mlc2v repels myosin heads away from the thick filament backbone to increase myosin head diffusion toward actin (15) (16) (17) , thereby enhancing the formation of actin-myosin crossbridges (mechanism 1; Figure 3A) . The second postulated mechanism is based on recent studies demonstrating that Mlc phosphorylation decreases actin filament sliding velocity, which is consistent with an increase in myosin duty cycle caused by myosin lever arm stiffening (18) . These studies, along with studies in smooth muscle, suggest the second mechanism whereby Mlc2 phosphorylation increases the stiffness of the myosin lever arm (18, 20) and alters crossbridge kinetics (mechanism 2; Figure 3B ). We used transition state theory and a thermodynamic analysis of the power stroke to derive the forward and reverse rates of the myosin power stroke as a function of lever arm stiffness ( Figure 3C , Supplemental Methods, and Supplemental Figure 8 ). This mechanistic approach was critical in that it allowed the putative effects of phosphorylation to be constrained in the model using just 2 parameters.
Hallmark biophysical effects of increased Mlc2v phosphorylation (via MLC kinase treatment) in skinned myocardium include increases in maximum contraction force (maximum tension) and the Ca 2+ sensitivity of contraction force (pCa 50 ), with no detectable changes in the kinetics of force redevelopment following stretch (k tr ) (28, 29) . We exploited the model and these functional observations to determine whether these mechanisms (or both in combination) could quantitatively reproduce all of the observations in skinned cardiac myofilaments (28, 29) . Simulations show that neither mechanism 1 nor mechanism 2 alone would be capable of simultaneously matching all the reported hallmark effects of increased Mlc2v phosphorylation in skinned cardiac myofilaments ( Figure 3D ). However, when approximately equal contributions of both mechanisms are introduced into the model (fit values in Supplemental Tables 1 and 2 ), the resulting simulations capture all of the published phosphorylation-dependent alterations (refs. 28, 29, and Figure 3D ), including the full steady-state force-pCa relation reported in mouse skinned myocardium (Figure 3E) . Interestingly, we did not observe significant differences in the relationship of k tr versus force between WT and DM mutant skinned cardiac myofilaments (data not shown), which is also consistent with published data on the effects of phosphorylation on k tr (28) and further validates the use of this computational model to recapitulate effects of Mlc2v phosphorylation/dephosphorylation in cardiac myofilaments. Results from the model (based on fit values in Supplemental Table 2 ) could also be used to quantify the "magnitude" of effects of Mlc2v phosphorylation on crossbridge cycling kinetics, which would otherwise be difficult to do solely using biophysical approaches, and included a 2.6-fold increase in the rate of crossbridge attachment and a 23% increase in crossbridge stiffness for phosphorylated myosin when computational simulations fit the experimental data in skinned cardiac myofilaments (29) . In order to rule out the possibility that other combinations of attachment and stiffness values could also reproduce the same measured effects of phosphorylation, we performed more than 3,600 additional simulations using pairs of wide-ranging attachment/stiffness values (Supplemental Figure 9 ). We showed that the 2 fitted attachment/stiffness parameter values in our model uniquely reproduce the 3 hallmark experimentally measured (maximum tension, Ca 2+ sensitivity, maximum k tr ) effects of Mlc2v phosphorylation, highlighting the robustness and predictive value of our model (Supplemental Figure 9 ). These data and combination of mechanisms suggest that Mlc2v phosphorylation has dual molecular roles in "accelerating" (increased rate of myosin attachment due to electrostatic effect) and "braking" (slowing of the crossbridge power stroke step due to elevated lever arm stiffness) separate aspects of crossbridge cycling kinetics. These events result in an increased accumulation (~1:1 to ~6:1) of crossbridges in the prepower stroke, non-force generating state (M pr ; Figure 3C ). Crossbridges in this attached state are now in a position to finetune myofilament Ca 2+ sensitivity of force by allowing myosin to be cooperatively recruited to neighboring actin-binding sites to sustain thin filament activation and prolong contraction/relaxation without causing an unrealistic increase in maximum contraction force (Figure 3, C and D) . To extend our mechanistic observations and understand the impact of Mlc2v phosphorylation on thin filament regulation, we disabled the structural link between cooperating thin filament regulatory proteins (e.g., tropomyosin interactions) to effectively abolish cooperativity between myosin and these neighboring thin filament regulatory proteins that was inherent to the model while leaving both phosphorylation mechanisms in place ( Figure 3D ). Under these conditions, the effects of Mlc2v phosphorylation on Ca 2+ sensitivity of force were blunted ( Figure 3D ), highlighting the existence of positive cooperative feedback mechanisms (cooperative recruitment) involving myosin. These data suggest that the thin filament structure (e.g., tropomyosin-tropomyosin structural interactions along the thin filaments) is sensitized to small changes in phosphorylationdependent behavior of cardiac muscle myosin.
We next exploited the computational model to simulate the effects of these mechanisms on isometric twitch tension driven by measured calcium transients and found that the 2 molecular mechanisms in combination were also sufficient to predict the differences in twitch dynamics (magnitude and timing) observed between WT and DM mutant mice with high fidelity in the absence of differences in calcium cycling kinetics ( Figure 3F ). In particular, time from peak tension to 50% relaxation was 43.2 ms in the predicted twitch, which was essentially identical to the mean value of 43.1 ± 1.3 ms measured in WT papillary muscles ( Figure 3G ). The accuracy of this prediction provides strong evidence that the molecular mechanisms underlying the effects of Mlc2v phosphorylation (mechanisms 1 and 2) can explain the accelerated twitch relaxation observed in DM mutant muscles.
Mlc2v phosphorylation-dependent mechanisms regulate regional mechanics of the myocardium and LV torsion in vivo. To determine how primary defects in myosin kinetics resulting from loss of Mlc2v phosphorylation could affect the heart in vivo, we first assessed the endogenous spatial Mlc2v phosphorylation pattern in the mouse heart. We show that Mlc2v phosphorylation was heterogeneous and existed as a transmural gradient in the mouse LV wall ( Figure 4A ), decreasing from epicardium to endocardium (44.4% ± 9.6% vs. 30.2% ± 4.5%; P < 0.03), which is consistent with previous reports in rodent and human hearts (6, 30) . Since it has been proposed that this gradient may contribute to the twisting motion of the ventricles (torsion) during systole (6), we used finite element models of LV mechanics driven by WT (phosphorylation gradient) or DM mutant (no phosphorylation gradient) twitch characteristics ( Figure 4B and Supplemental Tables 2-4) to test the hypothesis that absence of Mlc2v phosphorylation gradients would alter LV regional wall mechanics and torsion. Simulations representing the absence of Mlc2v phosphorylation exhibited strikingly lower values of peak LV torsion (twist) throughout systole, as well as a lower untwisting rate in diastole ( Figure 4B ). To further test these model predictions in vivo, the time course of LV torsion was measured in young WT and DM mutant mice at 6 weeks of age ( Figure 4C ) using phase-tagged MRI. The time course of torsion measured in DM mutant hearts was significantly altered from that measured in WT mice (P < 0.05). Peak torsion in DM mutant mice at 6 weeks of age was significantly reduced relative to WT (36 ± 5 vs. 49 ± 2 degrees cm -1 ), and mirrored the difference predicted by the model (37.9 vs. 43.4 degrees cm -1 ) ( Figure 4B ). Torsion measurements also showed reduced rates of LV untwisting in diastole that agreed with predictions ( Figure 4B ). No significant differences in global cardiac function as measured by percentage of ejection fraction (EF) in MRI sequences were observed between WT and DM mutant hearts at this stage (63.4% ± 2.1% vs. 62.4% ± 1.3%,
Figure 2
DM mice display premature death due to heart failure and early cardiac twitch relaxation defects. (A) Kaplan-Meier survival analysis. (B) Ventricular weight to body weight ratios (VW/BW) in WT (n = 7), SM (n = 10), and DM (n = 5) mice. **P < 0.01 DM versus WT; ## P < 0.01 DM versus SM. (C) Whole mouse heart (top) and H&E-stained sections (bottom). Scale bars: 2 mm. (D) Echocardiographic measurements from WT (n = 6, 2 months; n = 10, 6 months; n = 10, 10 months) and DM (n = 6, 2 months; n = 9, 6 months; n = 8, 10 months) mice. IVSd: interventricular septal wall thickness at end diastole; LVPWd: LV posterior wall thickness at end diastole; LVIDd/LVIDs: LV internal dimension at end diastole and at end systole; FS (%), LV fractional shortening. *P < 0.05; **P < 0.01. (E) Cardiomyocyte dimensions in WT (black line, n = 3) and DM (red line, n = 3) mice at 6 months. Arrow shows shift in cell length. *P < 0.05. (F and G) Electron micrographs from mouse LV at (F) 6 months and (G) 6 weeks. Sarcomere length and Z-line widths (n = >100 per heart, n = 3). Scale bars: 200 nm. *P < 0.05. (H) WT (n = 9) and DM (n = 7) Ca 2+ and twitch transients. ΔRsyst−diast, change in Fura-2 fluorescence ratio; τdecay, Ca 2+ transient decay time constant; TP50-Ca (-T), time from peak to 50% (tension transient) decay; TTP-T, time from stimulus to peak tension. *P < 0.05 versus same group at 2 Hz; # P < 0.05 versus WT at same pacing frequency. Data are expressed as mean values ± SEM.
Figure 3
A computational model identifies dual molecular roles for ventricular Mlc2 phosphorylation (Mlc2v-p) in regulating cardiac actin-myosin interactions that underlie twitch relaxation defects in DM mice. The effects of Mlc2v-p on (A) myosin head diffusion (17) and (B) myosin lever arm stiffness (18, 20) were tested. (C) A recent model of myofilament function (21) was modified to include Mlc2v-p mechanisms (orange, mechanism 1; green, mechanism 2). Refer to Supplemental Methods and Supplemental Tables 1 and 2 for details. (D) Model parameters for 0% Mlc2v-p were adjusted such that model fit matched maximum tension, Ca 2+ sensitivity to force (pCa50), and relative maximum rate of force redevelopment (ktr) in dephosphorylated skinned mouse myocardium (28, 29) . Model fit to experimental data in phosphorylated skinned myocardium (28, 29) was obtained with both mechanisms. (E) Model fits (lines) to experimental data from steady-state force-pCa curves measured in dephosphorylated (red circle) and phosphorylated (blue circle) skinned myocardium (digitized from Stelzer et al., ref. 29) were only obtained with both mechanisms. (F) Ca 2+ transient and muscle twitch tension measurements in 6-week-old papillary muscles at 25°C. Muscle simulations used parameters of 0% (red trace) and 31% MLC2v-p (blue trace, value measured in WT myocardium in Figure 1A) . Maximum tension and twitch relaxation defects in DM muscle were recapitulated by model simulations. Arrow denotes leftward shift (acceleration) when normalized to tension. Values for fit are in Supplemental Tables 1 and 2 . (G) Model fit of TP50-T in WT and DM muscle using both mechanisms is shown. respectively), suggesting that the early torsion defects were not due to decreased global ventricular ejection. Replacement of the transmural gradient with a uniform Mlc2v phosphorylation having the same mean value throughout the LV wall did not maintain torsion to the extent experimentally observed in WT hearts in vivo (data not shown), further validating the importance of these gradients in normal cardiac function.
Spatial Mlc2v phosphorylation-dependent mechanisms have an impact on myofiber strain kinetics across the heart wall to control cardiac function and disease. To determine how early loss of Mlc2v phosphorylation spatial gradients and underlying defects in torsion might account for DCM and heart failure in DM mutant mice, we exploited the finite element model to test the hypothesis that the distribution of regional myofiber stroke work density (SWD) or workload throughout the myocardium (epicardium to endocardium) may be affected in the DM mutant model ( Figure 4D ). Model predictions demonstrate that to maintain EF in the absence of Mlc2v phosphorylation, the DM mutant heart would have to undergo an approximately 10% increase in subendocardial myofiber SWD above WT hearts ( Figure 4D ). This suggests that loss of phosphorylation and the consequent decrease in twist redistributes stress and strain in myofibers across the wall, with adverse consequences for subendocardial workload ( Figure  4D ). The deleterious consequences of this increased, abnormal subendocardial workload is highlighted by the (a) increased disease vulnerability of the ventricular subendocardium in a subset of DM mutant mice exhibiting DCM (Supplemental Figure  5 ) and (b) increased vulnerability of young DM mutant mice to DCM following induction of mechanical (LV pressure overload) stress at a stage when no structural/disease alterations are observed ( Figure 5 ). Pressure overload induced different myocardial growth responses in DM mutant compared with WT mice undergoing similar molecular and transstenotic pressure gradient stresses (Figure 5 ), in the sense that DM mutant hearts exhibited early increases in chamber size only and not chamber wall thickness, indicative of DCM, as opposed to expected increases in both chamber size and wall thickness observed in WT hearts, which typically undergo concentric hypertrophy ( Figure 5A ). Cardiomyocytes from DM mutant mice exhibited these same early growth response defects following pressure overload in that cell length was increased only in DM mutant mice, while cell width was expectedly increased in WT mice (Figure 5B) . This further suggests that defects in myofiber strain kinetics as a consequence of reduced transmural gradients in Mlc2v phosphorylation and posttranslational modifications at the level of myosin may also be important in the adaptation of the cardiomyocyte to changes in shape/geometry.
Discussion
The precise role of Mlc2 and the mechanisms underlying its direct regulation in muscle have remained under debate since the discovery of Mlc2 in 1969 (31, 32) . Electron microscopy and optical diffraction studies have provided indirect evidence in support of a hypothesis that Mlc2 phosphorylation alters the structural disposition of crossbridges through molecular interactions involving charge repulsion and diffusion of the myosin heads away from the thick filament (15) (16) (17) 33) . Recent in vitro studies using isolated myosins highlight a second hypothesis, that Mlc2 phosphorylation may function to regulate the crossbridge by altering the elasticity of the myosin lever arm by stiffening the lever arm to increase myosin duty cycle (18, 20) . Nonetheless, whether Mlcs are directly involved in the regulation of actin-myosin interactions or play a role in disease and by which mechanisms are not yet known. In this study, we utilize integrative gene-targeted mouse and multiscale computational models to bridge the gap between experimental results at the molecular and physiological levels as a means to identify roles and mechanisms for the involvement of Mlc2 in regulating actin-myosin interactions in cardiac muscle and disease in vivo ( Figure 6 ).
The utility of this integrative approach was first highlighted in our studies focused on understanding the mechanisms for a potential role for Mlc2v phosphorylation in crossbridge cycling kinetics by exploiting published biological data from skinned cardiac myofilaments. Specifically, when 2 hypothesized molecular actions of Mlc2v phosphorylation (increased myosin diffusion and myosin lever arm stiffness represented by only 2 parameters) were introduced into the computational model as a means of including phosphorylation-mediated changes in cardiac myosin behavior, both were required to quantitatively recapitulate 3 previously published hallmark experimental effects of Mlc2v phosphorylation in skinned cardiac myofilaments (Figure 3 ). These data provided evidence for a direct role for Mlc2v phosphorylation in regulating actin-myosin interactions in cardiac muscle while identifying the underlying mechanisms driving phosphorylation-mediated effects on cardiac myosin cycling kinetics. This combination of mechanisms suggested dual counteractive molecular actions of Mlc2v phosphorylation. These included molecular actions of accelerating (increased rate of myosin attachment due to electrostatic effect) and braking (slowing of the crossbridge power stroke step due to elevated lever arm stiffness) separate aspects of crossbridge cycling kinetics, resulting in an accumulation of strongly bound (attached) crossbridges (Figure 3 ). These attached crossbridges can then fine-tune myofilament Ca 2+ sensitivity of force, since they allow myosin to be cooperatively recruited to neighboring actin-binding sites to sustain thin filament activation and prolong the contraction/relaxation cycle without causing an unrealistic increase in maximum contraction force. An important extension of this mechanism was highlighted in the model when the structural link between cooperative thin filament regulatory proteins (e.g., tropomyosin interactions) was disabled to abolish cooperation between myosin and these neighboring thin filament regulatory proteins, causing the effects of Mlc2v phosphorylation on Ca 2+ sensitivity of force to be blunted ( Figure 3D ). These data suggest the importance of positive feedback mechanisms involving cardiac myosin, which influence calcium-dependent activation of the thin filament in order to fine-tune force development and its regulation by calcium at the level of the cardiac myofilament.
The concept of Mlc2v phosphorylation mediating myosin's role in feedback control is integral to understanding its actions on twitch dynamics in intact cardiac muscle, since the twitch is produced by complex feedback behavior between calcium regulation (Ca 2+ activation of thin filaments) and crossbridge cycling kinetics (cooperative binding of myosin to thin filaments). We show through integrative approaches that the primary prefailure effect due to loss of Mlc2v phosphorylation in intact DM mutant cardiac muscle is an acceleration of cardiac twitch relaxation, which was also predicted by mechanisms in the computational model (Figure 3, F and G ). An important aspect of these observations is that the defects in twitch dynamics in DM mutant mice were observed independently of changes in Ca 2+ delivery ( Figure 2H and Figure 3F ), highlighting an adaptable relationship between Ca 2+ transients and muscle twitch tension as opposed to the static relationship that was previously accepted as accurate. In other words, regardless of rising and declining Ca 2+ concentrations in muscle, Mlc2v phosphorylation would independently regulate the number of strongly bound crossbridge attachments as well as myosin's ability to cooperatively recruit actin-binding sites to sustain thin filament activation and prolong the contraction/relaxation cycle. The mechanisms underlying the computational model further demonstrate that loss of phosphorylation decreases the number of strongly bound crossbridge attachments, reducing the ability of myosin to cooperatively sustain thin filament activation, leading to an acceleration of twitch relaxation independent of changes to Ca 2+ , which further explains the mechanisms underlying the twitch defects in DM mutant cardiac muscle. Thus, these integrative approaches reveal (a) unappreciated roles for Mlc2v phosphorylation and myosin for feedback control of calcium-dependent activation of the thin filament ( Figure 6B ) and (b) the molecular basis for early alterations in myofilament function that precede classic early alterations (ultrastructural, calcium cycling) associated with heart disease and failure in DM mutant mice.
Our integrative approaches further uncover unrecognized prefailure effects of myosin cycling kinetics due to the loss of Mlc2v phosphorylation, which we hypothesized and now show to have DM mutant mice are sensitized to pressure overload following TAC. (A) LV to BW ratios as well as in vivo echocardiographic assessment of cardiac size and function in 6-week-old WT and DM mutant mice, before (pre) and following (post) sham and TAC operation for 1 week. **P < 0.01 versus WT-sham; ## P < 0.01 versus DM-sham, ¶ ¶ P < 0.01 versus WT-TAC. Transstenotic pressure gradients within WT (82.35 ± 10.8 mmHg; n = 7) and DM (78.05 ± 9.7 mmHg; n = 7) hearts were not significantly different. No significant changes in heart rates were observed between mice between groups. (B) Cardiomyocyte length and widths are plotted from WT (black line; n = 3) versus DM (red line; n = 3) mice before and after sham and TAC operation for 1 week. Red arrow highlights shift toward higher cardiomyocyte length in DM-TAC. Data are expressed as AU. Left shift representative of increased cell width was only observed in cardiomyocytes isolated from WT-TAC. **P < 0.01 (C) ANF, β-MHC, α-MHC, sk-Actin, c-Actin, and PLB RNA expression in LV from mice before and after sham and TAC operation for 1 week (n = 3 in each group) are normalized to Gapdh RNA expression and expressed as a percentage (%) of WT-sham controls, which are set to 100%. *P < 0.05; **P < 0.01; ***P < 0.001. Data are expressed as mean values ± SEM.
Figure 6
Schematic model linking Mlc2v phosphorylation to twitch dynamics, ventricular mechanics, and early cardiac disease events. (A) The traditional view of myofilament regulation is that binding of Ca 2+ to troponin C (TnC) induces shifting of tropomyosin (Tm) to expose myosin binding sites on the actin filament. This implies a static relationship between the Ca 2+ transient and twitch tension, with Ca 2+ signaling as the primary determinant of twitch dynamics. (B) Our new evidence shows that posttranslational modification of thick filament proteins (e.g., Mlc2v phosphorylation) alters Ca 2+ sensitivity of the filaments, highlighting a previously unappreciated adaptable relationship. Mlc2v phosphorylation simultaneously increases myosin binding and myosin lever arm stiffness, altering kinetics of crossbridge cycling (shown by dashed blue boxes) to increase crossbridge duty ratio. This phosphorylation-dependent behavior of myosin can positively cooperative to influence calcium-dependent activation and kinetics of the thin filament by allowing crossbridges to cooperatively activate neighboring binding sites on actin (dashed blue arrow). (C) Mlc2v phosphorylation can regulate ventricular torsion because Mlc2v phosphorylation levels vary through the LV wall. Higher phosphorylation in the lefthanded helical fibers of WT epicardium enhances their twitch tension and consequently peak torsion compared with DM mice. Because elevated Mlc2v phosphorylation also lengthens twitch duration, diastolic untwisting in WT mice is dominated by epicardial fibers. Without opposition by right-handed endocardial fibers, the untwisting rate is increased relative to DM. Meeting hemodynamic demand without the benefit of epicardial Mlc2v hyperphosphorylation elevates endocardial workload in DM mice, contributing to DCM and heart failure (bottom).
an impact on LV torsion mechanics in hearts in vivo (Figure 4) . The basis for the hypothesis comes from our studies, which agree well with the results by Davis et al. (6) , which highlight the existence of a transmural Mlc2v phosphorylation gradient in the mouse LV wall, decreasing from epicardium to endocardium ( Figure 4A ). The mechanisms underlying ventricular torsion are not fully understood; however, 2 postulated contributing factors are the helical orientation of epicardial and endocardial myofiber sheets within the LV wall and the anisotropy of myocardial stressstrain properties (34) . Epicardial fibers are oriented in a left-handed helix along the wall, while endocardial fibers follow a righthanded helical path ( Figure 6C ). Epicardial myofibers are thought to direct torsion during systole (left handed) and untwisting rate during diastole (right handed) because their position is further from the center of rotation, resulting in a longer moment arm and greater movement (34, 35) .
It remains unclear whether underlying variations in myosin cycling kinetics imposed by Mlc2v phosphorylation-mediated mechanisms contribute to this differential regulation of epicardial versus endocardial tension development and recovery. We show that the computational model is able to predict similar defects in LV torsion throughout systole and untwisting rate in diastole that were also subsequently observed in prefailure DM mutant hearts in vivo ( Figure 4B ). The mechanisms in our model suggest that these spatial gradients and variations in myosin cycling kinetics in the LV wall drive torsion/twist mechanics by regulating both the magnitude and duration of twitch force and myocardial contraction ( Figure 6C ). In WT hearts, endocardial myofibers relax first (due to low phosphorylation, resulting in smaller forces and shorter twitch duration), while the epicardial myofibers contract late and unopposed to endocardial myofibers (due to high phosphorylation, resulting in larger forces and prolonged twitch duration, which delays contraction), thereby driving and enhancing torsion in systole and untwisting rate in diastole. The consequent reduction of Mlc2v phosphorylation gradients in the LV wall (a) reduces the magnitude of forces in the epicardium to now equal magnitude of force in the endocardium (resulting in homogenous distribution across wall) and (b) accelerates twitch relaxation/duration in the epicardium to now directly match the timing of twitch force in the endocardium (causing forces to directly oppose and negate one another), thus reducing the imposed mechanical advantage of the epicardium to drive torsion and untwisting in DM mutant hearts in vivo. These studies highlight the critical importance of myosin cycling kinetics in regulating regional cardiac mechanics linked to LV torsion and their impact on early cardiac remodeling events leading to disease. This may have important translational implications, since torsion is severely depressed in patients with DCM (35, 36) and is emerging as an early clinical predictor of heart disease in children and adults (35, (37) (38) (39) (40) (41) ; however, the mechanism or mechanisms underlying this phenomenon are unknown. Thus, our integrative models can be exploited as tools to investigate mechanisms underlying LV torsion in humans, since torsion is thought to be physiologically equivalent in mice and humans (34) . Future testable hypotheses could include expanding our computational models to include the effects of stiffness, stretch-induced tension, fiber orientation, and ion channel function (since repolarization currents vary between epicardium and endocardium) to predict how these variables affect regional muscle mechanics (torsion, workload distribution, function) in the heart. We also provide evidence that spatial Mlc2v phosphorylationdependent mechanisms and loss of torsion have a direct impact on myofiber strain kinetics across the heart wall to control cardiac function and disease. The computational model predicted that loss of Mlc2v phosphorylation would render the subendocardial layer of the heart vulnerable to increased workload as a consequence of the loss of torsion ( Figure 4D ). Consequences of this increased subendocardial workload were evident in DM mutant mice by the (a) presence of subendocardial fibrosis and calcification in a subset (10%) of DM mutant hearts exhibiting DCM (Supplemental Figure 5 ) and (b) vulnerability of young DM mutant mice to subendocardial dilation and DCM following imposition of mechanical stress at a stage when no cardiac architectural alterations are evident ( Figure 5 ). Since cardiac muscle cell growth defects were also observed in young DM mutant mice following mechanical stress consistent with eccentric as opposed to concentric hypertrophy, this further suggested that Mlc2v Ser14/ Ser15 phosphorylation sites and myosin may also act as critical signaling effectors for strains/stress, which can signal early adaptive changes in cardiomyocyte shape that may be important in the compensatory pathological changes (wall thickening) evoked by stress leading to cardiomyopathies, such as DCM. This may also have translational implications, since the subendocardial myofibers are thought to be particularly vulnerable in patients with DCM, but the etiology remains unknown (42) . Thus, our studies offer insights and tools (computational and mouse models) to expand our understanding of how variations in myosin cycling kinetics across the heart wall contribute to decreased subendocardial workload and DCM. This is important, since we highlight a direct and early influence of loss of Mlc2v phosphorylation in heart disease and failure in vivo (Figure 2) , suggesting a direct contribution of dysregulation of MLC2v phosphorylation in human cardiomyopathy and failure (6, 8, (10) (11) (12) (13) (14) . Recent studies suggest that the MLCK family of "cytoskeletal protein kinases," which target Mlc2v phosphorylation, might also have a broader role in mechanosignaling (43) and thus future studies focused on determining whether strain modulation of cardiac Mlck activity is a potential contributing factor to the mechanisms and outcomes highlighted by our models are warranted.
Taken together, our data highlight how multiscale computational models can be combined with traditional genetic mouse models and biological findings to identify key aspects of complex and dynamic mechanisms (variations in myosin cycling kinetics as a result of spatial gradients in posttranslational modifications of cardiac proteins) underlying early events in the pathogenesis of diseases, such as DCM, which would not be possible to do solely using traditional approaches. Specifically, our integrative approaches were critical in (a) refining current perceptions of actin-myosin regulatory mechanisms in cardiac muscle while resolving a direct and early influence for Mlc2v in heart failure; (b) revealing a previously unappreciated role for cytoskeletal Mlc2v-based (myosin) phosphorylation gradients in the regulation of LV torsion and normal cardiac function, which may have important translational implications in applying stem cell and tissue engineering approaches as therapies for cardiac muscle dysfunction and disease; and (c) identifying new tools to exploit our understanding of early events (and mechanisms) in heart disease, which have important translational implications in potential medical applications of these findings in terms of improved diagnosis, detection, and management of early events in heart disease (e.g., develop more sophisticated multiscale models to uncover early targets of disease and develop sensitive methods to detect and target epicardial MLC2v phosphorylation levels in early disease).
Methods
Generation of gene-targeted mice. SM and DM mutant mice were generated by standard homologous recombination in an R1 ES cell line using targeting constructs that incorporated an SM of T to G in codon 15 or a DM from AG to GC in codon 14 and from T to G in codon 15 of Mlc2v, with the G418 resistance gene. Targeted ES cell clones were microinjected into C57BL/6 blastocysts to give rise to chimeric mice. Germline transmission of the disrupted allele was obtained and verified by DNA analyses, and mice were backcrossed to a C57BL/6 background for at least 10 generations. Refer to Supplemental Methods for details.
2D gel analysis. Multicellular myocardial preparations (600-900 mm × 100-250 mm) were isolated and homogenized from mouse hearts as previously described (29) , with minor modifications. Myocardial homogenates were analyzed for nonphosphorylated and phosphorylated Mlc2v states using 2D gel electrophoresis in a mini gel system (Bio-Rad Laboratories) as previously described (28) . Refer to Supplemental Methods for details.
Liquid chromatography-tandem mass spectrometry analysis. Myofilament proteins were isolated from mouse hearts as previously described (44) . Protein samples were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and visualized by Coomassie blue staining as previously described (44) . The gel band corresponding to the Mlc2v protein (19 kDa) was excised and trypsinized as described by Shevchenko et al. (45) . The extracted peptides were analyzed directly by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using electrospray ionization. Refer to Supplemental Methods for details.
Phosphorylation assays. Mlc2v kinase reactions using cardiac and skeletal Mlck were done as described (28, 46) . Refer to Supplemental Methods for details.
Ventricular weight to body weight ratios and histological analysis. Mice were anesthetized with ketamine/xylazine and weighed to determine total body weight. Hearts were removed, including all major vessels. Connective tissue and atria were also dissected away. The LV were separated, blotted, and weighed. Paraffin-embedded cardiac sections (8-μm thick) were stained with H&E and Masson's trichrome stain as previously described (47) . A von Kossa (Sigma-Aldrich) staining assay was also performed on paraffinembedded cardiac sections according to the manufacturer's instructions.
Echocardiography. Mice were anesthetized with 1% isoflurane and subjected to echocardiography as previously described (48) .
Morphometric analyses of isolated adult mouse cardiac myocytes. Adult cardiac myocytes were isolated from mouse hearts as previously described (47) . Cell length and width measurements were performed on isolated adult cardiac myocytes using NIH ImageJ software.
Electron microscopy. Electron microscopy was performed using standard procedures. Refer to Supplemental Methods for details.
RNA analysis. Total RNA was extracted from LV using TRIzol (Invitrogen). Dot blot analysis was performed as previously described (47) .
Measurement of Ca 2+ -mediated force dynamics in isolated intact papillary muscles. RV papillary muscles were isolated from mouse hearts and then mounted in a cardiac tissue culture chamber as previously described (47) Tables 1 and 2 , respectively. Refer to Supplemental Methods for details.
Muscle twitch dynamic simulations using new computational model. Muscle twitch simulations were performed using the new computational analysis. Parameters for twitch simulations are found in Supplemental Tables 1 and 2 . Refer to Supplemental Methods for details.
Urea glycerol gel analysis method to quantify Mlc2v phosphorylation. Urea glycerol gels were prepared and run essentially as previously described (30, 49) . Refer to Supplemental Methods for details.
Computational model of LV torsion. Computational predictions of LV torsion were done by incorporating LV geometry, deformation, myofiber orientation, afterload, conduction velocities, and Ca 2+ transient and length-dependent contractile forces as well as Mlc2v phosphorylationdependent myosin crossbridge kinetics into a finite element model of the mouse LV. Parameters used for the contraction model are given in Supplemental Tables 1, 2 , and 4. Hemodynamic parameters and passive material properties are listed in Supplemental Tables 3 and 4 , respectively. LV torsion and SWD were calculated in the LV finite element model as a function of MLC2v phosphorylation. Refer to Supplemental Methods for details.
MRI and LV torsion analysis. Refer to Supplemental Methods for details.
In vivo pressure overload model. Mice (6 weeks old) were anesthetized with ketamine/xylazine, and transverse aortic constriction (TAC) was performed as previously described (50) . At 7 days following surgery, the pressure gradients generated by aortic banding were measured by introducing highfidelity pressure transducers into the left and right common carotids.
Statistics. Data presented in the text and figures are expressed as mean values ± SEM. Significance was evaluated by the 2-tailed Student's t test or repeated measures ANOVA. For Kaplan-Meier survival analysis, significance was evaluated by the log-rank test. P < 0.05 was considered statistically significant.
Study approval. All animal procedures were approved by UCSD Animal Care and Use Committee.
